Purpose Alzheimer's disease is a neurodegenerative disorder, and most common form of dementia afflicting over 35 million people worldwide. Rivastigmine is a widely used therapeutic for ameliorating clinical manifestations of Alzheimer's disease. However, current treatments require frequent dosing either orally or via transdermal patch that lead to compliance issues and administration errors risking serious adverse effects. Our objective was to develop a smart polymer based delivery system for controlled release of rivastigmine over an extended period following a single subcutaneous injection. Methods Rivastigmine release was optimized by tailoring critical factors including polymer concentration, polymer composition, drug concentration, solvent composition, and drug hydrophobicity (rivastigmine tartrate vs base). Optimized in vitro formulation was evaluated in vivo for safety and efficacy. Results Formulation prepared using PLGA (50:50) at 5% w/v in 95:5 benzyl benzoate: benzoic acid demonstrated desirable controlled drug release characteristics in vitro. The formulation demonstrated sustained release of rivastigmine tartrate for 7 days in vivo with promising biocompatibility and acetylcholinesterase inhibition efficacy for 14 days. Conclusion The results exemplify an easily injectable controlled release formulation of rivastigmine prepared using phase-sensitive smart polymer. The optimized formulation significantly increases the dosing interval, and can potentially improve patient compliance as well as quality of life of patients living with Alzheimer's disease.
INTRODUCTION
Alzheimer's disease (AD) is the most common form of dementia associated with aging. It is estimated that more than 5 million Americans have AD that pose a financial burden of over $200 million annually (1) . AD significantly reduces life span and quality of living of an affected individual and is considered to be a leading cause of death in the United States, just behind heart disease and cancer (2) . Yet, AD has significantly less money going towards research and hasn't had as much breakthrough research towards finding treatments or cures in the last few decades (3, 4) .
AD is typically diagnosed upon development of memory loss and cognitive impairment, but the damage to the brain that cause these symptoms usually begins several years before any indication (5) . Damage to the brain is caused when proteins aggregate and form amyloid plaques and neurofibrillary tangles. The plaques and tangles lead to neuronal cell death and reduction in levels of key neurotransmitter, acetylcholine. As the disease progresses, the neurons within the hippocampus responsible for memory can no longer communicate efficiently and neurocognitive impairment becomes apparent (6) . More damage leads to worsening symptoms that eventually result in institutionalization in most cases, which accounts for the majority of the cost associated with this disease (7) . The patient will lose their ability to perform daily tasks and usually end up bed ridden prior to death as the body shuts down (1) .
Rivastigmine is a cholinesterase inhibitor that improves symptoms in AD patients by preventing breakdown of acetylcholine in the central nervous system. The increased availability of acetylcholine allows for improved neurotransmission and hence, an improvement in memory and cognitive function. Its main mechanism of action is the prevention of acetylcholine metabolism by binding to the esteratic and ionic sites on acetylcholinesterase. Acetylcholinesterase is found as three isoforms throughout the body, AChE T , AChE H , and AChE R .
The binding of rivastigmine is preferential for the AChE T isoform, or G1 isoform of acetylcholinesterase, which is the dominant form in patients with Alzheimer's (8, 9) . In addition, rivastigmine is unique in that it is the only treatment option that also inhibits butyrylcholinesterase which has predominant expression in AD, especially as the disease progresses (10) . Rivastigmine largely acts on cholinesterase within the central nervous system, thus preventing increased acetylcholine concentrations throughout the rest of the body that would otherwise cause many complications since acetylcholine is an extremely common neurotransmitter. Treatment in the early stages of AD allow the patient to remain independent longer, delay institutionalization as well as relieve or at least delay caregiver burden (7, (11) (12) (13) . This is significant since the majority of the cost of the disease arise due to institutionalization. As for advanced AD, there is evidence that rivastigmine can help with eating problems (14) . The current dosage forms for rivastigmine have been approved for treatment of mild to severe AD and include oral solution, oral capsule, and transdermal patch. Transdermal patches allow for increased dosing interval, better patient compliance, and decreased caregiver burden (11, 12, (15) (16) (17) . Despite the advantage, the patch formulation is required to be applied daily, which may be an impediment to patient independence. Other controlled release formulations of rivastigmine such as those involving smart polymers that do not require daily administrations may decrease dependency on caregivers.
Smart polymers utilizing amphiphilic block copolymers have been studied extensively as controlled delivery systems for many therapeutics. The use of amphiphilic block copolymers for drug delivery was first proposed in early 1980s (18) . Some of their merits include ease of manufacture and incorporation of drug, protection of therapeutic within the gel depot, optimization potential, and biocompatibility. Amongst smart polymers, phase sensitive polymers are soluble in biocompatible organic solvents which allows for homogeneous mixing of drugs and easy subcutaneous injection of the freeflowing solution. In situ gel depot formation takes place at the injection site, upon diffusion of organic solvent in which the polymer is dissolved. The depot takes the shape of the area in which it is injected and has a jelly like consistency that allows it to be flexible enough for movement as needed with the movement of the body. The therapeutic becomes entrapped and protected within the gel and its release becomes dependent upon diffusion through the polymer matrix and slow breakdown of the polymer. The release of therapeutic through such copolymeric depot-based delivery systems can be modified by tailoring polymer concentration, composition, drug concentration, solvent composition, and drug hydrophobicity (rivastigmine tartrate vs base) to achieve required therapeutic levels over an extended period. Sustained release over prolonged period would potentially help increase the dosing interval, patient compliance, and quality of life of people living with AD (19) .
Current limitations of other controlled release injectable delivery systems include toxicity, burst release, inability to attain zero order release kinetics, and loss of efficacy due to degradation of therapeutic. Rivastigmine therapy in current clinical practice is burdened with limitations such as skin irritation upon daily application of patches, poor oral bioavailability, and frequent injections at short intervals owing to short half-life post parenteral administration, clearly demonstrating the need for a better controlled delivery system with minimal toxicity (19) . The aim of the current work was to develop a novel, smart polymer based controlled release delivery system of rivastigmine for efficient management of AD. Various formulation parameters such as polymer composition, solvent composition, and polymer concentration were first optimized in vitro before evaluation in vivo. Polymer characteristics, polymer concentration, solvent composition, drug properties as well as drug loading were thoroughly examined in an in vitro release model, followed by investigation in Sprague Dawley rats for efficacy and biocompatibility. The overall aim of this research was to investigate phase sensitive polymer depot-based subcutaneously injectable delivery system as a safe, biocompatible, therapeutically relevant and patient compliant sustained release formulation for AD management.
MATERIALS AND METHODS

Materials
Poly(lactic-co-glycolic acid) (PLGA) 50:50 was purchased from Absorbable Polymers International (Cupertino, CA, USA). Poly lactic acid (PLA) was purchased from Polyscitech (West Lafayette, IN, USA). Phosphate buffered saline (PBS) was purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). Rivastigmine tartrate (RT) and rivastigmine base (RB) were obtained from TCI America (Portland, OR, USA) and Xi'an Health Biomedical Technology Co. (China), respectively. DNTB (5,5′-dithiobis-(2-nitrobenzoic acid) was purchased from Sigma-Aldrich (St. Louis, MO, USA). S-Acetylthiocholine iodide (98%) was purchased from Alfa Aesar (Ward Hill, MA, USA). Micro bicinchoninic acid (BCA) kit was purchased from Thermo Fisher Scientific (Waltham, MA, USA). All other chemicals were of analytical grade and used without further modification.
Phase Sensitive Formulation Preparation and In Vitro Drug Release Comparing Polymer Concentration
Phase sensitive samples were prepared with PLA (109 kDa) at polymer concentrations of 2.5, 5, and 10% (w/v) in 100% benzyl benzoate. Homogenous mixture was obtained upon vigorous stirring and sonication. To this mixture, rivastigmine base was incorporated at a concentration of 60 mg/mL. Using a 25 G syringe, 0.5 mL of the formulation was injected in glass tubes and placed in a water bath at 37°C. Pre-warmed PBS (10 mM, pH 7.4) containing 0.01% w/v sodium azide was then added to each tube as release medium (3 mL per tube). The tubes were capped to prevent evaporation and incubated at 37°C under constant shaking at 35 rpm. Sample aliquots (1 mL) were taken at 30min, 1 h, 6 h, 1, 3, 7, 14, 21, 28, 35, 42, 49, 63 , and 77 days and replaced with 1 mL fresh pre-warmed release medium. Released rivastigmine base was quantified using reversed phase -high performance liquid chromatography (RP-HPLC) using conditions as shown in Table I (20) . Six replicates were analyzed per concentration and analyzed for burst release and cumulative percent drug released.
In Vitro Release Comparing Drug Concentration
Phase sensitive samples were prepared with PLA (109 kDa) at polymer concentration of 5% (w/v) in 100% benzyl benzoate. Homogenous mixture was obtained upon vigorous mixing and sonication and to it rivastigmine base was added at concentrations of 60, 120, and 180 mg/ml. Release study was conducted as described before with samples collection time points of 30 min, 1 h, 6 h, 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84 , and 98 days and released rivastigmine base was quantified using RP-HPLC. Six replicates were analyzed per concentration and analyzed for burst release and cumulative percent drug released.
In Vitro Drug Release Comparing Polymer Composition
Four polymers of varying molecular weight and/or composition: PLA (109 kDa), PLA (40 kDa), PLGA (PLA:PGA, 85:15), and PLGA (PLA:PGA, 50:50) were evaluated. Phase sensitive samples were prepared at polymer concentration of 5% (w/v) in 100% benzyl benzoate. After vigorous mixing and sonication, 216 mg/mL rivastigmine base was added to the mixture. Using a 25 G syringe, 0.5 mL of the formulation was injected in glass tubes and placed in a water bath. Pre-warmed PBS (10 mM, pH 7.4) containing 0.01% w/v sodium azide was then added to each tube as release medium (3 mL per tube). The tubes were capped to prevent evaporation and incubated at 37°C under constant shaking at 35 rpm. Sample aliquots (1 mL) were taken at 1, 7, 14, 21, 28, 35, 42 , and 49 days and replaced with 1 mL fresh pre-warmed release medium. Released rivastigmine base was quantified using RP-HPLC. Six replicates were analyzed per concentration and analyzed for burst release and cumulative percent drug released.
In Vitro Drug Release Comparing Solvent Composition
Solvent composition was examined for all the aforementioned polymers (PLA (109 kDa), PLA (40 kDa), PLGA (PLA:PGA, 85:15), and PLGA (PLA:PGA, 50:50) by varying the ratio of benzyl benzoate (BB) to benzyl alcohol (BA). Phase sensitive samples were prepared at polymer concentration of 5% (w/v) in each of the following benzyl benzoate to benzyl alcohol (BB:BA) solvent compositions: 100:0, 95:5, 90:10, and 85:15. After vigorous mixing and sonication, 216 mg/mL of rivastigmine base was added to the mixture. Using a 25 G syringe, 0.5 mL of the formulation was injected in glass tubes and placed in a water bath. Pre-warmed PBS (10 mM, pH 7.4) containing 0.01% w/v sodium azide was then added to each tube as release medium (3 mL per tube). The tubes were capped to prevent evaporation and incubated at 37°C under constant shaking at 35 rpm. Sample aliquots (1 mL) were taken at 1, 7, 14, 21, 28, 35, 42, 49, and 56 days and replaced with 1 mL fresh pre-warmed release medium. Released rivastigmine base was quantified using RP-HPLC. Six replicates were analyzed per concentration and analyzed for burst release and cumulative percent drug released.
In Vitro Release Comparing Drug Hydrophobicity
Phase sensitive samples were prepared with PLGA (50:50) at polymer concentration of 5% (w/v) in 95:5 benzyl benzoate: benzyl alcohol solvent. After vigorous mixing and sonication, 33.6 mg/mL of rivastigmine tartrate or 216 mg/mL of rivastigmine base was added to the mixture. Using a 25 G syringe, 0.5 mL of the formulation was injected in glass tubes and placed in a water bath. Pre-warmed PBS (10 mM, pH 7.4) Table II .
Evaluation of Acetylcholinesterase Inhibition In Vivo
Animals were sacrificed at specific time points post single administration of smart copolymer formulation as outlined in Table III . Animal brains were harvested and homogenized with PBS (10 mL per brain). The homogenate was centrifuged at 18,000 rpm, at 4°C for 30 min to collect the tissue lysate. Acetylcholinesterase inhibition was evaluated in tissue lysate using Ellman method (24) . A standard curve was plotted using a serial dilution of acetylthiocholine iodide. Normalization was performed on all samples by determining protein content in assayed brain samples using micro BCA protein assay kit.
In Vivo Biocompatibility
Biocompatibility of the formulation at the injection site was visually evaluated at the end of each study. Injection site was dissected and evaluated for signs of inflammation such as vasodilation, redness, and swelling.
Statistical Analysis
All data are expressed as mean ± standard deviation (SD). Statistical analyses were performed using ANOVA. A p value of less than 0.05 was considered significant.
RESULTS
In Vitro Drug Release Comparing Polymer Concentration
All formulations of PLA (109 kDa) were prepared in the concentration range of 2.5 to 10% (w/v). Drug release profiles did not follow an expected trend of increased release duration with increase in polymer concentration as shown in Fig. 1 . Instead, 5% w/v polymer concentration demonstrated the best sustained release profile. It is postulated that hydrophobic-hydrophilic balance can influence release profile. Hydrophobic effect is driven by reduction in entropy. At certain polymer concentrations, the monomers of the polymer will be able to better arrange themselves in an effort to reduce entropy, forming a more energetically favorable state. This is evident in this study, where the best performing concentration of polymer was 5% (w/v) with a release duration of 77 days and minimal burst release. All formulations had commendable control over burst release at 3.5-6% and completely released the drug in 42 or 49 days for 2.5 and 10% (w/v) formulation respectively.
In Vitro Release Comparing Drug Concentration
Rivastigmine base readily dissolved at concentrations of 60, 120, and 180 mg/ml in 5% (w/v) PLA (109 kDa) in 100% benzyl benzoate to benzyl alcohol. Duration of complete release of the drug was 49, 77, and 98 days for the 60, 120, and 180 mg/ml formulations, respectively as depicted in Fig. 2 . Length of release was not proportional to drug concentration but a trend of increase in drug concentration resulting in an increased duration of release was observed. Burst release was minimal in all formulations.
In Vitro Drug Release Comparing Polymer Composition
Polymer composition was investigated by comparing four polymers: PLA (109 kDa), PLA (40 kDa), PLGA (85:15), and PLGA (50:50). Formulations easily dissolved 216 mg/mL rivastigmine base after 5% (w/v) of polymer being studied was dissolved in 100% benzyl benzoate. Release duration was 35 days for both PLGA formulations, 42 days for the PLA (40 kDa) formulation, and 49 days for the PLA (109 kDa) formulation as shown in Fig. 3 . While the duration of release was longer for the PLA formulations, it also followed a more biphasic release pattern when compared to the profiles of PLGA. Burst release was well controlled for all formulations.
In Vitro Drug Release Comparing Solvent Composition PLA (109 kDa), PLA (40 kDa), PLGA (85:15), and PLGA (50:50) were dissolved at 5% (w/v) in solvents composed of benzyl benzoate and benzyl alcohol in ratios of 100:0, 95:5, 90:10, and 85:15. All ratios easily dissolved the four polymers along with rivastigmine base at a concentration of 216 mg/ml. Release duration was between 42 and 56 days for all formulations and all solvent ratios as shown in Fig. 4 . While the duration of release was the longest at 56 days for the PLA (40 kDa) formulation, it still followed a more biphasic release pattern when compared to the drug release profiles of PLGA. Burst release was well controlled for all formulations but a trend was observed for increased burst release as benzyl alcohol composition increased from 0 to 15%. It is worthy to note that the PLGA (50:50) in 95:5 BB:BA formulation could potentially be best suited for controlled delivery of rivastigmine base, given the factors of low burst release (3%), duration of complete release (42 days), zero order release profile, amount of drug release per day (4.4 mg/day), and low variance among formulation samples.
In Vitro Release Comparing Drug Hydrophobicity
Phase sensitive formulations of rivastigmine base or tartrate were prepared at a PLGA (50:50) polymer concentration of 5% (w/v) in 95:5 benzyl benzoate: benzyl alcohol solvent. Rivastigmine tartrate (RT) was completely released in 14 days while rivastigmine base (RB) was released in 42 days, Fig. 5 . Burst release of rivastigmine tartrate was 26% which is more than 8 times higher than that observed for formulations with hydrophobic rivastigmine base (3%). The amount of rivastigmine tartrate that could be incorporated into this formulation may be a limiting factor due to its hydrophilicity. However, 33.6 mg/mL rivastigmine tartrate still adequately maintained drug concentrations for 14 days for therapeutic effectiveness at 2.4 mg/day which would avoid first pass metabolism and act as the equivalent of approximately 4 mg/day dose. At this release rate, the therapeutic window of 1-400 ng/ml can be maintained.
In Vivo Release Profile of Rivastigmine Tartrate
Under in vivo conditions, a controlled release of rivastigmine base from optimized phase sensitive formulation was not observed, resulting in drug related toxicity. Therefore, rivastigmine tartrate was utilized for all further in vivo studies. Blood samples were collected from the tail vein of rats at predetermined time points and RT was extracted using acetonitrile followed by centrifugation. RT was released through day 7 for the phase sensitive formulation, Fig. 6 A and a burst release amounting to 0.5 mg was reached in 15 mins, Fig. 6 B.
On the other hand, RT from solution showed a peak plasma level in 15 min amounting to 0.3 mg but was rapidly eliminated from circulation within 3 h post administration, Fig. 7 .
Evaluation of Acetylcholinesterase Inhibition In Vivo
Acetylcholinesterase inhibition was evaluated using Ellman's assay which quantifies products of acetylcholine hydrolysis by acetylcholinesterase. Specifically, Ellman's assay measures the amount of thiol compounds present in a solution. Inhibition of acetylcholinesterase will result in lower quantities of acetylcholine breakdown products which have the thiol moiety that is detected using Ellman's assay. Protein assay was performed to normalize protein content in all samples. Post normalization, thiol products in the samples were measured to gauge extent of acetylcholinesterase inhibition. The average thiocholine concentration in blank control animals was found to be 339 mM. In comparison, the average amount of thiocholine in the solution group was 406 mM at 1-day post administration. The increase in thiocholine for the solution group is likely due to an over compensation of acetylcholinesterase expression and activity in response to the temporary inhibition (25) . The animal groups that were sacrificed at 15 min, day 3, day 7, and day 14 had thiocholine concentrations of 242, 208, 195, and 265 mM respectively. These results are summarized in Table IV and Fig. 8 .
In Vivo Biocompatibility
For visual biocompatibility inspection, the injection site was dissected and observed for signs of inflammation such as redness, swelling, and vasodilation. Slight redness and vasodilation at the injection site of RT solution and phase sensitive formulation groups at day 1 and 15 min post administration, respectively were observed. However, by day 3 and 7 the redness was mostly resolved, and only slight vasodilation was noticeable. At day 14, signs of inflammation were completely resolved for phase sensitive and blank control groups, indicating an overall good biocompatibility of formulations as depicted in Fig. 9 . Fig. 1 In vitro release profiles of rivastigmine base comparing effect of increasing PLA (109 kDa) concentration. PLA (109 kDa) was formulated in solvent composed of 100:0 BB:BA (benzyl benzoate: benzoic acid). 
DISCUSSION
Phase sensitive smart polymers are a safe and suitable delivery system for prolonged delivery of therapeutics. The ease of drug incorporation and formulation manipulation to obtain the desired release kinetics is extremely valuable. For the preparation of phase sensitive biodegradable implant, a combination of water miscible solvent and water insoluble polymer was utilized. When this blend is injected into an aqueous environment, diffusion of water soluble solvent followed by precipitation of water insoluble polymer occurs that results in formation of a solid implant (26) . Thereafter, drug is released from this polymer depot in a controlled way through combination of several mechanisms. Three confirmed mechanisms include i) Fickian diffusion of drug through polymer matrix, ii) formation of aqueous channels due to penetration of water in the matrix and diffusion of drug through these pores and iii) release of drug due to erosion of the matrix (26) . In this study, we investigated factors such as polymer concentration, drug concentration, polymer composition, solvent composition, and hydrophobicity of the drug molecule can guide the development of the best suited formulation for a specific drug. Furthermore, testing these variables can uncover characteristics that might otherwise be counter intuitive or go unnoticed. Polymer concentration can be easily varied to explore drug release from a phase sensitive release system (26, 27) . In this study, drug release profiles were evaluated by increasing the weight to volume ratio of polymer to solvent. PLA formulation prepared using 5% w/v polymer concentration demonstrated longer controlled release duration compared to 2.5 and 10% w/v formulations, owing most likely to differences in polymer hydrophobicity. In a hydrophobic environment, the primary driving force is entropy, wherein arrangement of molecules in a more energetically favorable orientation will allow reduction Fig. 3 In vitro release profiles of rivastigmine base comparing effect of polymer composition (n = 6). Solvent used for formulations was 100:0 BB:BA (benzyl benzoate: benzoic acid). 
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(2020) 37:34 in entropy. However, in the case of amphiphilic polymers, the orientation that each monomer is driven to take is typically to form micelles to reduce free energy of the system. Following the formation of micelles, they can further arrange among each other to again reduce free energy. However, problem arises when there isn't the correct balance of polymer needed to form optimal micelle structure and subsequent organization. This likely leads to the results that we observed when the balance of polymer for optimal reduction in free energy is either met or disturbed. When the correct balance is achieved, and organization is optimal, the release profile reflects this in the improved controlled release of drug molecule which can be attributed to a couple of effects that rely on this organization structure such as ability to diffuse out and polymer hydrolysis rate. Drug concentration can influence release profile and used as a means to obtain a desired release rate (28) . As seen with the studies performed, increasing drug concentration did not proportionately increase duration of drug release. However, if there is a desired amount of drug release per unit of time, increasing or decreasing drug concentration may influence the result.
For smart polymer based formulations, the polymer composition can play a major role on the release profile of incorporated drug (26, (28) (29) (30) (31) (32) (33) . We examined four polymer compositions: PLA (109 kDa), PLA (40 kDa), PLGA (85:15), and PLGA (50:50) which were selected based on varying hydrophobicity of each polymer. An increase in molecular weight of PLA from 40 to 109 kDa increases the hydrophobicity of the formulation. Similarly, an increase in lactide to glycolide ratio in PLGA formulations from 50:50 to 85:15 increases hydrophobicity of the formulation, since lactide is more hydrophobic than glycolide. Conversely, addition of glycolide to polymer composition will decrease hydrophobicity which in turn can influence drug release profile. Overall, an increase in hydrophobicity plays a major role in decreasing the rate of polymer degradation by repelling water that drive polymer hydrolysis. Decreased rate of hydrolysis will slow the release of drug molecules and result in the observed drug release profiles where the most hydrophobic polymer, PLA (109 kDa), demonstrated the longest duration of release. However, the biphasic nature of drug release from PLA based formulation also demonstrates the negative impact of slow hydrolysis, wherein the initial release is due to drug diffusion and subsequent release is due to polymer degradation. In the case of PLGA copolymers, the addition of the more hydrophilic component glycolide allows for a balance between diffusion driven release and polymer degradation driven release.
Solvent composition is unique to phase sensitive smart polymers and very influential on drug release profile since the formation of polymer depot is impacted by the hydrophobicity of the solvent and the nature in which it is displaced from the polymer solution (19, 26) . As expected, the more hydrophobic solvent will take longer to undergo phase transition to produce a polymer depot. This can impact drug release profile by influencing the formation of depot and its physical characteristics such as depot surface, matrix uniformity, and formation of pores and channels throughout the matrix. These characteristics will have a direct effect on hydrolysis of polymer and influence polymer degradation driven release. We observed this in our study when comparing benzyl benzoate and benzyl alcohol ratios as the solvent. In the study, increase of benzyl alcohol led to increase in burst release and subsequent shorter duration of complete release, in most cases (Fig. 4) . This result is supported by the fact that benzyl alcohol is more hydrophilic compared to benzyl benzoate. The increased hydrophilicity of the solvent drives faster phase transition for depot formation as solvent is displaced rapidly into the aqueous environment. We also observed that solvent composition of 95:5 BB:BA for PLGA (50:50) is more favorable for controlled drug release than 100:0 BB:BA, as may be expected. This again demonstrates the delicate balance that hydrophobic effect has on drug release profile (19, 26, 27) .
Altering the hydrophobic nature of the drug can also greatly influence its release from phase sensitive polymers (34) . Rivastigmine base is hydrophobic while rivastigmine tartrate is hydrophilic. Naturally, incorporating a hydrophobic drug in a hydrophobic release system is easy and as observed in our study, can provide better controlled release in vitro compared to hydrophilic drug. However, since the phase transition of these smart polymers relies on the displacement of hydrophobic organic solvent, it is possible that the hydrophobic drug is also displaced along with the solvent. Therefore, having a formulation that offers opposing characteristics can be of value when continuing to develop a delivery system. Rivastigmine tartrate, being hydrophilic, would not be expected to displace in similar way as rivastigmine base during phase transition, but instead could be driven to slow diffusioncontrolled release after depot formation. We observed controlled release of rivastigmine tartrate from our phase sensitive delivery system in vivo which was in contrast to the release profile of rivastigmine base in vitro. For example, rivastigmine base had a lower burst release and a longer duration of release in vitro. However in vivo, the rivastigmine base formulation did not show adequate control of burst release compared to rivastigmine tartrate, leading to toxicity due to high rivastigmine base levels. The inability to minimize burst release is attributed to hydrophobic rivastigmine base displacing with the hydrophobic solvent during phase transition after injection into the aqueous environment in the subcutaneous space. In light of these observations, rivastigmine tartrate was utilized for in vivo studies. The formulation of rivastigmine tartrate in a phase sensitive smart polymer composed of PLGA (50:50) at 5% (w/v) in 95:5 BB:BA was accomplished by suspending the drug in the smart polymer. Solution of rivastigmine tartrate and a blank control of PBS were also used as formulation controls.
The acetylcholinesterase activity in blank controls that were injected with PBS, was considered as baseline level for the study. The group administered rivastigmine tartrate solution demonstrated an increase in acetylcholinesterase activity at 24 h post administration. This result although counterintuitive, was expected and is supported by work from other researchers suggesting that acute inhibition of acetylcholinesterase leads to over compensation of acetylcholinesterase activity by increasing expression of this enzyme and its subsequent activity (25) . Phase sensitive formulation of rivastigmine tartrate provided a continuous drug release at therapeutic level over 7 days with minimal burst release. A total circulating drug amount of 0.5 mg was the maximum drug amount observed during burst release at 15 min post administration. There onwards, release followed zero-order kinetics and provided drug amounts in the range of about 0.1-0.2 mg. Furthermore, rivastigmine tartrate was shown to be bioactive as evidenced by its capability of inhibiting acetylcholinesterase. The inhibition of acetylcholinesterase continued even after levels of drug could no longer be detected, for up to day 14 post administration. This is likely due to a combination of factors such as prolonged exposure to rivastigmine tartrate and low levels of drug (below the limit of detection) that is continually released as the depot's core polymer degrades and hence continuing to exert an inhibitory effect. In addition, the formulation was shown to be biocompatible as evidenced by inspection of the injection site post administration. In vivo biocompatibility of phase sensitive smart polymers has been previously studie d in d epth (27, 28, 30, 31, 34, 35) . Our lab has looked at breakdown of these polymers and found that PEG is broken into smaller segments and lactide and glycolide from PLGA are broken into their respective acids, which are consumed by the citric acid cycle and are easily eliminated from the body. Degradation studies have been done weighing the remaining gel depot over time to examine breakdown as it progresses. In vivo studies conducted in our lab, demonstrate exceptional biocompatibility of such copolymeric formulations upon histological examination. In this study, we wanted to assess the local vasodilation, damage to vasculature, necrosis, or tissue damage due to rivastigmine release by visual examination. Inflammation is a side effect typically noticed immediately after any injection. The ability to resolve signs of inflammation and vasodilation, as shown in our study, support the biocompatibility of the formulation. Vasodilation has been well documented as a side effect of benzyl benzoate and therefore, vasodilation at the injection site was expected (36) . The vasodilation could also increase blood circulation at the injection site to further aid displacement of the organic solvent from the polymer depot and increase the rate of therapeutic entering the blood system. This would also corroborate the unexpected toxicity caused by the rapid release of hydrophobic rivastigmine base along with the organic solvent from the formulation. Likewise, it also supports the controlled release and minimal burst release of rivastigmine tartrate. Since rivastigmine tartrate is hydrophilic, it neither partitions into the organic solvent nor gets displaced upon phase transition, thus entrapped within the polymer depot and subsequently released in a controlled fashion.
Furthermore, to develop a pharmaceutically acceptable polymeric injectable suspension, physicochemical properties such as syringeability, injectability, needle clogging, uniformity, re-suspendability, and viscosity are critical parameters (37) . In this study, we evaluated syringeability of the final formulation by injecting it through a 25G needle for both in vitro and in vivo experiments. The formulation was syringeable and injectable without causing needle clogging. Viscosity of the phase-sensitive copolymer increases with gradual diffusion of water miscible solvent leaving behind a precipitate, which swells in water forming a gel-like consistency (26) . In our study, we found drug release from this delivery system within appreciable standard deviation limit, and reproducible between experiments by keeping all formulation, injection, in vitro release conditions (37°C, 35 rpm), and in vivo administration consistent between replicates.
Taken together, the study illustrates influence of various formulation parameters in the design of phase sensitive polymer-based sustained release system for rivastigmine. Rivastigmine tartrate formulation made using PLGA (50:50) at 5% w/v concentration in 95:5 BB:BA was the optimized formulation that demonstrated desirable efficacy and biocompatibility in vivo.
CONCLUSIONS
Phase sensitive smart polymers are composed of biocompatible polymers and organic solvents. Following injection, the biocompatible organic solvent is displaced, leaving any incorporated therapeutic entrapped and protected within the polymer depot. Release of the therapeutic is dependent upon controlled diffusion and slow breakdown of the polymer over an extended period. The ability to adjust the polymer composition as well as the solvent composition allows this smart polymer to be versatile with the ability to be easily manipulated to provide the best release profile for the therapeutic of interest. In addition, polymer concentration, drug concentration, and drug hydrophobicity can also be altered to reach the desired release profile.
By examining the aforementioned factors, we have observed the influence these parameters have on drug release. Modulating polymer characteristics, polymer-drug concentrations, solvent compositions, and drug properties (salt vs base), the drug release profile can be significantly modified. For example, while PLA polymers offer lengthened release, PLGA copolymers may be better suited given they follow zero order release kinetics more closely. Upon analysis of all factors, PLGA (50:50) at 5% w/v concentration in 95:5 BB:BA, offered the best drug release profile. Optimized phase sensitive formulation containing hydrophobic rivastigmine base gave longer duration of release in vitro, but under in vivo conditions, the formulation containing hydrophilic rivastigmine tartrate demonstrated superior controlled release over the course of 7 days and was biocompatible as well as biodegradable.
The currently marketed rivastigmine formulations for the treatment of Alzheimer's disease have 24 h dosing interval or less. Our formulation would significantly increase the dosing interval to 7 days and allow for less fluctuations in drug levels to better maintain therapeutic concentrations and symptom relief. The phase sensitive formulation of rivastigmine tartrate is a promising advancement in the treatment of Alzheimer's disease and should be further developed.
